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PREFACE

This final technical report covers the work accomplished during the five phases of contract
F33615-76-C-3137, *“Repair of Bonded Primary Structure,” by the Boeing Commercial
Airplane Company, P.O. Box 3707, Seattle, Washington.

The work was accomplished under the sponsorship of the Air Force Flight Dynamics Labora-
tory (Project 2401 Task 03). Mr. C. Beck and Mr. H. Croop of the Flight Dynamics Labora-
tory (AFFDL/FBS) were the Air Force project engineers.

Mr. J. E. McCarty was the Boeing program manager, and Mr. R. E. Horton, the deputy
manager. Other Boeing personnel who made technical contributions to the program and
their areas of activity are as follows: M. C. Locke and R. Z. Mayberry, Materials;

M. L. Satterthwait, Manufacturing; B. Parashar, Quality Control. This work was per-
formed in the period from 1 September 1976 thr 31 March 1978.
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1.0 INTRODUCTION AND SUMMARY

The use of adhesive bonding as a joining method in aircraft construction is an accepted means
of attaining high structural efficiency and improved fatigue life. Extensive use of this type

of construction has been made in aircraft secondary structure. The technology has now
matured to the point where adhesive bonding has high potential for providing very attractive
cost and weight savings for primary structural applications. The technology advancements

that have recently made this possible have occurred in several areas. These include the develop-
ment of a new generation of 250°F curing adhesive systems with considerably higher strength.
More importantly, when combined with the use of recently developed surface preparation
methods and corrosion inhibiting primers, they provide vastly improved environmental
durability.

The Air Force, in recognition of these advances, is currently supporting an aggressive develop-
mental program to provide the technology and confidence necessary to permit bonding to
expand to wide use in primary structure. The most significant of these programs is the
Primary Adhesively Bonded Structure Technology (PABST) program, F33615-75-C-3016,
being performed by the Douglas Aircraft Company. This program is specifically directed to
develop the additional technology necessary to allow commitment to a bonded fuselage in
future military aircraft.

One of the critical areas which has been identified for additional development work is that

of repair. It is recognized that processing anomalies and fabrication damage will occur when
bonding primary structure. Repair methods must be available as an option to costly scrapping
of the large components. Likewise, damage will occur in service. Operational requirements
for the aircraft will necessitate that high quality repairs be made quickly to restore the
damaged area to its pre-damaged level of strength and durability. It has been the purpose

of this program to develop these kinds of repair procedures to support the PABST program.

The major goals of this program are defined as follows:

®  Develop procedures, based on structural integrity, cost, and repair flow time
considerations, that might best be used for the repair of adhesively bonded primary
aircraft structures.

®  Define facilities, equipment, and personnel skills that must be available at the depots
to accomplish these procedures.

This five-phase program was performed over an 18 month period. The tasks and program
schedule four each phase are shown in Figure 1.

The initial program tasks consisted of a coordination meeting with the Air Force/Douglas
PABST team and subsequent preparation of a Master Program Plan. The information from
the PABST review provided the following:

® A description of the overall PABST design configuration.
®  [dentification of critical structural areas for repair demonstration.

ettty




Task and Milestone

Major Program Milestones
Kick-off meeting
Master planning and control docum~nt approved
Repair methods defined
Repair methods verified
Final draft submitted

Phase | - Master Planning and Review
Task | - Kick-off/coordination meeting
Task H--Accumulate and review repair data
Task I11--Prepare master planning document

Phase !l --Definition of Damage Types/Flaws
Task |—Determine repair requirements
of all potential repairs

Phase H1-Repairs Development
Task |--1dentify repair procedures
Task H--Select materials and processes
Task 11— Conduct materials tests
Task 1V - Design and analyze repairs
Task V Conduct comparative cost studies
of various repair methods

Phase tV —Repairs Implementation and

Verification

Task |-Fabricate and repair
representative components

Task H--Test haseline and repaired
components

Task HH -Perform post failure analysis

Task 1V —Repair and test panel

Phase V -Facility Requirements
Task | --Identify facilities/training
requirements for primary bonded
structure

Technology Transfer
Monthly reports
Interim reports
Oral reviews

Final report

1977

1978
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Figure 1.—Program Schedule




® Definition of PABST base structure and repair design criteria.,

® Definition of baseline foads distribution and analysis data.

In addition to the information obtained, a large PABST test panel was identified as being
available for repair method demonstration.

Since the Dougluas YC-15 was sefected as a baseline aircratt tor PABS . 4 survey was conducted
carly in the program to determine types of fuselage damage that might be incurred by a
typical medium STOL aircraft. Although the missions are not identical, past service exper-
ience with the C-130 aireratt was taken as indicative. Damage was principally divided into
three categories. These were damage caused by ground handling equipment, operational
incidents such as impact with runway debris or ground fire, and that caused by structural
deterioration such as fatigue cracks and corrosion. In the final analysis. the most obvious
repair solution was essentially independent of the cause of damage. Typically the damaged
arca would be removed and the material replaced.

Hests veere conducted to select the adhesive system that would be used in subsequent repair
demonstrations. Fwo 2507 F curing ¢poxy adhesives, FM73 and EA902K. und a room tempera-
ture curing adhesive. EAY309. were evaluated. The phosphoric acid hand anodize method.
previously developed during Air Foree contract F33615-73-C-5171, was used tor metul

surface preparation. BR127 was selected for use as the corrosion inhibiting adhesive primer.

Fests on the adhesives were conducted using lap shear. peel and wedge specimens. Fvaluation
temperatures ranged from =677F to 18071, The tests included those conducted in critical
environments with both steady state and cyclic loads. As a result of the tests. FM73 was
selected tor the follow-on repair work.  Fhis was primarily because of its superior durability
as evidenced in the stow cycle fatigue testing,

Following selection of the adhesive system, test panels were Tabricated. These represented
arcas of the bonded tframe-to-skin attachment and the bonded longitudinal skin splice.
Simulated repairs were incorporated. Fhe repaired pancels were tested both saatically and
with slow cyclic foading in an environment of 1007 relative humidity and 1407F. I'he test
results tor the repaired panels compared favorably with those for unrepaired controls.

Two urcas on the PABST tuselage were selected tor repair demonstration. The PABST design
utilizes both internal and external longerons, Consequently, the areas setected were at an
intersection ot a frume and internal longeron in the crown area and at a frame/external
fongeron intersection in the fower quadrant. Loads and baseline analysis data were furnished
by Douglas to support g meaningful design study of repair procedures. The study included
static, futigue, and damage tolerance analyses.

Resulting repair designs were demonstrated on the Jarge fuselage test panel obtained trom
Douglas. Three repairs were accomplished.




All work utilized procedures and equipment that would be adaptable to an on-the-aircraft
repair situation. Phosphoric acid hand anodizing was used as the prebond surface preparation
procedure. Mechanical fasteners were used in conjunction with springs to apply pressure

for the first repair; vacuum pressure was used for the remaining two. Heating for all repairs
was supplied by a Boeing-designed compressed air heater.

The repairs were nondestructively inspected and then cut up for coupon testing. The tests
included lap shear and wedge specimens. The latter were exposed to 120°F and 1007% relative
humidity for 30 days.

Cost and flow time estimates were made to compare the vacuum and mechanical fastener
methods of applying bonding pressure. It was concluded that for the repairs demonstrated,
the vacuum bonding procedure was less expensive and could be accomplished more rapidly.
However, the quality of the repair that was made using the mechanical fastener/bonding
combination was quite acceptable and it remains a viable alternate procedure.

The facilities and training requirements that will be required to accomplish these repairs
have been identified.

In general, it is concluded that these repairs, having primary structural quality, can be
accomplished by repair depot personnel. With proper training, it is anticipated that a con-
siderable amount of this type of repair work can also be accomplished at the base level.
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2.0 DAMAGE CAUSES AND SEVERITY

A survey has been made to determine typical types of fuselage structural damage that might
be encountered by the C-14/C-15 aircraft in service. This included a review of past C-130
incident damage experience (Ref. 1). In addition, discussions were held with Air Force

’
{ maintenance personnel (Refs. 2, 3, 4).
W
Flight and sround handling damage for the C-130 and C-14/C-15 aircraft are, for the most
part, expected to be similar. However, operational requirements differ. The C-130 is !
primarily employed on air drop missions and operates from improved runways. The C-14:(C-15,
by contrast. is designed for close, behind-the-lines battle support. As such, it will operate
from semi-improved landing fields. It will be more susceptible to damage from runway
debris. 1t will also be more exposed to enemy ground fire.
A second difference hetween the two aireraft lies in the construction methods. The C-130
is a conventional, mechanically fastened skin stringer design. The C-14/C-15 design proposed
by PABST substitutes a significant amount of adhesive bonded attachment.
The expected types of damage are divided into three areas. These include ground handling,
operational items, and structural deterioration. A further breakdown of these is as follows:
I.  Ground Handling
a.  Service Bquipment
® Surface damage; dents, punctures, ete.
b.  Loading kquipment
L] Damage to the ramp hinge arca
L Damage to the side of the door frame and the interior side of the body
2. Operational Items
a.  Hard Landings
L Damage to the wheel well area and in proximity of the landing gear beams
p b.  Foreign Object Damage

Bird strikes; primarily in the nose area

Runway debris; including water

Tire blowout debris

Bullet damage; 30 cal to 23 mm high explosive (HE)

R p—— R P .- ~ o~ . e— =




3. Structural Deterioration

a.  Fatigue cracks
b. Corrosion
¢.  Bondline delamination

TAC, at the Little Rock AFB, reports that their main problems with the C-130 are to the ramp
hinge support bulkhead and landing gear wheel well area. Lockheed has repair kits for each
of these. Damage due to service equipment occurs but is not a major consideration. This
latter is concurred with by maintenance personnel at the McChord AFB (MAC).

.
The wheel well area is quite susceptible to damage from hard landings. Excess runway water
causes damage to the wheel well doors. Other problems are caused by such items as fire
extinguishers not being removed from in front of the aircraft prior to taxi for take-off, taxi
collisions with other aircraft and deer, misfiring in flare launcher tubes, damage to tail skids
due to nose-too-high landings, etc. )

Battle damage (Refs. 5 and 6) can be categorized as follows:
1. Gunfire projectiles

4.  Non-exploding
b.  High explosive (HE)

2. Missile warhieads

The non-exploding types are characterized by Soviet small arms projectiles (7.62 mm through
14.5 mm). These are comparable to the U.S. .30 and .50 calibers. Damage may be assumed
as penetration roughly equivalent to the projectile size. Variation in damage is caused by
such items as location of the strike, penetration angle, projectile velocity, skin thickness,

and type of material.

Damage from high explosive shells is more extensive. Of these the Soviet 23 mm is considered
the major threat. Its damage is simulated in test by the U.S. 20 mm. Typical damage to
skin-stringer construction is shown in Figures 2a, b, and ¢. The projectile explodes on

impact, creating a fragment cone. For large distances to the second penetration surface

such as would be the case for a fuselage, the result would be a large scattering of small holes.

Structural damage from air-to-air missile warheads is due to the combined effects of the blast
and the fragmentation. The fragment size and shape varies and includes cubes, pyramids,
and rods. Typically, these are of a 180 grain size, i.e., apprceximately that of a .30 caliber
projectile. The damage can be assumed as scattered multip'c penetrations. The number and
density are dependent on the explosion proximity.




™

(C) Impact Adjscent to Stiffener, 7075-T6
Figure 2.—Typical Entry Damage for 20-mm HE, Normal Impact




3.0 MATERIAL EVALUATION

3.1 SELECTION OF CANDIDATE ADHESIVE SYSTEMS

Three adhesives were evaluated in this program. The purposes were to select an adhesive for
repair method demonstration and obtain preliminary data to support repair design and
3 analysis.

Two elevated temperature curing adhesives, EA9628 and FM73, and one room temperature
curing adhesive, EA9309, were candidate selections. EAY628 and FM73 were previously
given preliminary evaluation in Air Force Contract F33615-73-C-5171. Results are reported
in that program’s phase 11 report (Ref. 7). Results for both adhesives were good.

FM73 was the adhesive selected for the PABST program. It was considered an advantage if
that adhesive could also be used for repair.

EAY62K was selected as a companion to FM73 in the evaluation because it has shown superior
tolerance to surface preparation quality. This characteristic is especially important tor
repair applications.

EA9309 was the room temperature adhesive selected by Douglas for PABST. Available
data (Ref. ¥) shows it to have better salt spray resistance than EA9320, which was another
system initially considered as a candidate for evaluation.

3.2 TEST PLANS

Two groups of material tests were conducted. The types of tests conducted in Group 1 are
shown in Table 1. These were static tests. They were used to evaluate strength versus
temperature, resistance to environmental exposure, and toughness.

Additionally, some Group 1 tests were conducted using a differential scanning calorimeter
(DSC) to determine glass transition temperatures. The purpose was to determine the mini-
mum cure temperatures required to fully polymerize the elevated temperature cure and
primer adhesives. The goal was to keep the repair cure temperature as low as practical. The
reasons for this were:

1. To not heat the area adjacent to the repair any hotter than necessary and thus mini-
mize the amount of restraining tool fixturing required.

o
2. Minimize residual stresses caused by cooling a localized arca after heatup for repair.
It is recognized that some tolerance must be added to defined minimum cure temperatures
since it will be difficult to closely measure or control temperatures in actual repair situations.
It has been indicated that slow cyclic loading, combined with humid elevated temperature.

b is a critical condition. This effect was investigated in the Group 2 series of tests.
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The planned tests are indicated in Table 2. The stress levels were comparable to those used
in the PABST program. The PABST exposure environment to 140°F und 100% relative
humidity was also used. Since the tests were conducted over an extended time period. the
specimens were not preconditioned. The test used a modification of the Douglas cycle as
shown in Figure 3.

Table 2. -SMALL SPECIMEN SLOW CYCLE ENVIRONMENTAL FATIGUE TESTS

Static Cyclic stress level
Adhesive Cure R.T. 900 1200 1500
controls psi psi psi
250° £, 90 min. 5 4 4 4
autoclave
FM 73
200° F, 120 min. 5 4 4 4
vacuum
250° F, 90 min. 5 4 4 q
autoclave
EA 9628 |-
200° F, 120 min. 5 4 4 4
vacuum
EA 9309 R.T., vacuum 5 4 4 4

Note: Exposure at 140° F., 100% R.H. See Figure 3 for cycle rate.

Maximum ¢ '—-——ﬂ |___—| [—-_..._.._l '_
| 1o I I
| . | I
| I | o
' | [ I
Load level l | | | ' |
| Lo Lo |
|| |
I I
L (I |
0 l 4 4 1 4 1 I 1 [ S I
0 15 30 45 60
Minutes

Figure 3.—Slow Rateé Environmental Fatigue Cycle
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It was planned that the specimens be tested for a minimum of 3000 cycles or to failure.
Specimens surviving the maximum practical number of cycles were to be static tested to
determine residual strength. The testing facility is shown in Figure 4.

Figure 4.—Slow Cycle Environmental Fatigue Testing Facility

3.3 TYPES OF SPECIMENS

Three types of specimens were used for the Group | testing. These were lap shear, metal-

to metal peel, and wedge specimens. The lap shear specimens were fabricated using 0.125 in.
thick metal adherends. The material was 7075-T6 aluminum. Wide area bonded panels were
laminated and cut into specimens 1.0 in. wide. Except for the specimens that were speci-
fically made to evaluate the effect of lap length, the lap length of all specimens was 0.5 in.
These were also used for the Group 2 cycle tests. The test lap area was accomplished by
cutting two spaced slots on opposite sides of the specimen as shown in Figure 5.

}

T
|
) { 1.00 in.
I
hy
1l T
/7——— 0.125 7075-T6 Aluminum
| V4
} »
«{0.5in. f== Lap length Adhesive bond
- 6.00 in.

Figure 5.—Standard Adhesive Lap Shear Specimen
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The metal-to-metal peel specimens were fabricated from laminated panels (14 by 17 in.)
having 0.020 in. skins and 0.032 in. backing sheets. The panels were cut into 1.0 in. wide
strips. The climbing drum peel specimen and test method are described in MIL-A-25403.

The configuration of the wedge test specimen assembly and the specimen details are shown
in Figure 6. The laminated assembly was 6 by 6 in. The metal adherends were nominally
0125 in. thick. A strip approximately 0.75 in. wide on one edge of the panel was lett

| ——u6.00 * 0.125
-1 ,"—0.125 nominal
t
/%I 0.75 nominal
A A R i - = FEP separator film

? { T or omit adhesive

% (optional)
6.00 %
+0.125 %

\trim  be—ed 1.00¢ 0125 \-Trim Adhesive

Cut five 1-in.
wide specimens

Waedge Test Specimen Assembly

1.0 +0.03 f*— ol I-- 0.125 nominal Initial

—|
T_ 0.25 crack length —>I '4—

1.0 +0.03 T
+0.03 } pdd ' ;
r 0
{ -
t
Aluminum or Stainless Steel Wedge Wedged Crack Extension Specimen

Figure 6.—Wedge Test Specimen Configuration

unbonded. After bonding, five I-in. wide specimens were machined from the panel. The
specimens were then marked with an identification prior to exposure. The testing procedure
for the specimens consisted of the following:
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1. The unbonded end of the specimen was precracked by inserting a wedge as shown in
Figure 6. The wedge was inserted by using several light taps with a hammering device.

2. The wedge was positioned so that its end and sides were approximately tush with the
specimen ends and sides.

3. Magnification of 10 to 30 power and adequate illumination was used to locate the tip
of the initial crack. This was marked with a fine stylus or scribe. The reference point
of crack initiation was located and marked. This was the point at which the shoulder
of the wedge contacted the specimen surface: i.e., approximately 0.75 in. from the
specimen end. The initial crack length was measured and recorded.

4. The wedge specimens were exposed to the selected environmental conditions: i.e., 1207F
+57F and 95% to 100%. relative humidity, for the specified time: e.g.. | hour, 4 hours,
72 hours, 14 days, or 30 days.

5. The specimens were removed from the environment. ‘The increase in crack length was
measured and marked to 0.01 in.

6. Failure modes were determined by splitting the specimen open at the completion of
the final crack growth measurement and examining the surface. The percentage of
adhesive versus cohesive failure in the exposure crack growth region was recorded.

3.4 SPECIMEN PROCESSING

The processing methods that were evaluated were representative of those that can be used

tor on-the-aircraft repairs. These included the use of the phosphoric acid hand anodized
surface preparation method developed in the 133615-/3-C-5171 program (Ref. 7). Unless
otherwise noted, bond surfaces were coated with BR127 corrosion inhibiting adhesive primer.
The primer was bake cured prior to adhesive application. Since the primer requires a 250°F
cure, only one set of EA9309 specimens was cured with primer. This was done to evaluate
the value of using the primer with the room temperature curing system,

The elevated temperature curing systems were cured using two procedures. These were:
1. A vacuum bag and heating blanket; 200°F, 25 to 28 in. hg, 120 minutes.
2. Anautoclave; 250°F, 35 psi, 90 minutes.

The former case is representative of the on-the-aircraft cure condition while the latter is a
baseline for an as-manufactured comparison.

14




Results corresponding to the Group 1 test plan shown in Table 1 are tabulated in Tables 3,
4 and 5. Shear strength versus overlap curves are plotted for EA9628 and FM73 in Figures
7 and 8. These curves are not plotted for the room temperature curing EA9309 adhesive
because of its very low 180°F strength and the errantry of the -67°F data.

3.5 TEST RESULTS

Table 4. —ULTIMATE LOAD VERSUS LAP LENGTH DATA

Ultimate load, Ibs.
Lap length, inches
Adhesive Test temperature
0.5 1.0 20
EA 9628 R.T. 2210 4378 7998
* S=34 S=88 S =240
1800 F 1730 3008 6018
S=26 S=41 S =61
670 F 3572 5028 7848
S=36 S$=32 S=103
FM 73 R.T. 2035 4348 7865
* S=47 S=70 S =208
180° F 1795 2903 5690
S=177 S =297 S =98
-67°F 3338 4618 7295
S=88 S =156 S =264
EA 9309 R.T. 1877 3563 7178
. S$=188 S$=38 S = 260
180° F 304 496 835
S=82 $=33 S=183
-67°0F 2780 2003 5838
S-585 S=291 S = 2499

Notes: 1. Curing conditions

3. Four specimens for each condition

In general, acceptable properties were obtained with both of the elevated temperature curing
systems. The autoclave cured specimens gave slightly higher strengths than those cured under
vacuum. Both systems showed some decreasing toughness at low temperatures. This was
indicated by the drop-off in peel strength and the flattening of the shear strength versus
overlap plots. The peel tests were rerun. The results are shown in Table 6. The -67° values

were still quite low.

[ ——
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* 35 psi, 250° F, 90 min
**25.28in. hg, R.T.
2. 7075-T6 bare, 0.125 in. thick
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Table 5. -WEDGE SPECIMEN TEST RESULTS

Initial Crack growth, inches
(S’s::;. Adhesive Cure crack i —
length, in. 1 hr 4 hr 24 hr 14 day 30 day
E-1 EA 9628 Autoclave® 1.48 .06 .09 12 19 24
2 1.46 .06 .06 12 .18 21
3 1.41 .07 11 11 17 20
4 1.45 .06 .10 12 17 20
5 1.55 .05 .08 .08 .13 16
F-1 FM 73 Autoclave* 1.68 .0% .08 11 .13 A7
2 1.56 .06 .06 .10 13 16
3 1.59 .05 .05 .09 .08 .14
4 1.53 .05 .05 .08 11 15
5 1.4 .06 .08 1 14 .16
VE-1 EA 9628 Vacuum™* 1.59 .08 1 16 .20 22
2 1.58 .07 .10 12 ! 10 19
3 1.54 .08 12 .15 18 21
4 1.61 .06 .06 R 15 .15
5 1.59 .07 RA 12 19 .19
B o T
VG-1 Fm 73 Vacuum** 1.55 .07 .07 1 14 A7
2 1.64 .09 .09 12 14 17
3 1.64 .09 .09 13 .16 .16
4 1.62 .06 .06 .10 .10 .10
5 1.72 .06 .06 .09 .09 ’ .09
RE-1 EA 9309 Vacuum 1.53 .39 v .78 1.09 T 1.47
2 R.T. 1.43 39 62 8 | 128
3 1.41 41 63 .87 1.28
4 1.46 .33 .58 .82 1.23
5 1.66 34 .68 .98 1.32
Notes: 1. Curing conditions  * 35 psi, 2509 F, 90 min

** 2528 in. hg, 200° F, 2 hr
2. All specimens primed with BR127 primer
3. Specimens exposed to 120° F and 100% R.H.

1 No readings taken
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10000 ¢

8000 |-

6 000

4 000

1

Ultimate load, I1bs.

2 000

1000T 1

7075-T6 Bare Aluminum
0.125 thick adherends
phosphoric acid anodize
cured at 35 psi and 250°f
for 90 minutes

e, .
0.5 1.0 2.0 4.0
Lap length, inches
Figure 7.—Shear Load Versus Lap Length—EA9628 Adhesive
10 000
8 000 |-
6 000 |-
4 000 |-
180° F
Ultimate load, Ibs.
—-67° F
Notes: 7075-T6 bare aluminum
2000 |- 0.126 thick adherends
phosphoric acid anodize
cured at 35 psi and 250°f
for 90 minutes
1 000 /| A A
0.6 1.0 20 4.0

Lap length, inches

Figure 8.—Shear Load Versus Lap Length—FM73 Adhesive
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Both FA9G2K and FM73 showed good resistance to salt spray and to static stressed exposire
at 1207F and agh humidity - The wedge test crack growth data shown in Table § were also

satistactory

Tahle 6. RETEST OF PEEL TESTS USING BOTH TANK AND NONTANK ANODIZE

M/M pael, 1 . /in

Aclhesive Surface preparatinn 1

R.T. [FYALN

EA 0628 Nontank anodize 0.4 VAIRS
405 27%
a0 275
180
EM 73 Nontank anodize 108.0 24.0
102.0 180
810 18.0
15.0

J
A 9628 Tank anodize a005 210
a0.5 13.0
404 9.0
105
FM 73 Tank anodize 1034 240
050 1y
96.0) 114
16.5

Care 35 psi, 2507 F, 90 man.

[ ess acceptable results were obtained with the room temperature curing FA9309 system.
In addition to the ansatistactory results obtimed trom the variable lap lenpth tests the
specmmens stressed to 600 psiat 12071 and 10077 redative haondity faled alter short time
exposure. The -67°F el test values were low  The crack growth rate for the wedge tests
was also considerably higher than for the other systems,

Results of the glass transition tests are listed in Table 7. Various curing tumes and temperatures
were evaluated for EA9G2E, FMT3 and BRI 27 primer. In the test, the glass transition
temperature of the test sample was compared to that of a control specimen that was known

to be fully cured. In this case, the adhesive controls were cured at 25071 for 90 minutes.

The primer control was cured at 250”F for 60 minutes. The results indicated that FM73 i

not fully cured after 2 hours at 200°F. The 2007F cure was marginal for FA9628. Results

for BR127 cured at 200" F were inconclusive.

18
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Table 7.- - RESULTS OF GLASS TRANSITION TESTS
ON ADHESIVES AND PRIMER TO DETERMINE CURE EFFECTIVITY

Adhesive Primet
Cure L
{temperature, time) EA 9628 FM 73 BR 127
2509 F, 90 min 2120 ¢ " 2420 F*
2509 F, 60 min 2159 F 2429 F 2029 F*
2259 F, 120 min 2289 f 2449 F
2259 F, 60 min 223V F 2439 F
200° F, 120 min 2080 F 2020 F None " "
Observed

* Controls

** No glass transition was observed. Samples were made

three times, increasing the sample quantity each time
(6, 12, 18 drops). Each group was cured in an oven

sepatately. Regardless of the baseline slope, o

straight fine was obtaned tor all samples.

by

Results of the Group 2 eyclic load/environmental exposure tests are shown in Fables 8,9,
and 10, A bar chart comparison of the data is shown in Figure 9. The greater durability of
the FM7 3 as compared 1o that of EAY628 can be noted. This is especially apparent for the

900 psi foad.

3.6 TEST CONCLUSIONS

Fhe results obtinned with the EAYO28 and FM73 adhesives were quite comparable except
for the cychie loadd/environmental exposure test. Here the FM73 system was significantly

superior. Asa result, the FM73 system was selected for use in repair method demonstration
in subscquent tasks, The test values obtained on EA9309 adhesive indicate that it is unsatis-

factory for repairing primary structures. No further work will be done with this system.

19
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Table 8.~ RESULTS OF CYCLIC LOAD/ENVIRONMENTAL EXPOSURE TESTING 900 PSI

Adhesive/prime; Cure Spec. H(t):'s Cy\((:)les Falute
cycle no. failure failure mocde
EAQ9628/BR127 A E-1 579.4 1738.2 95% Coh
{Auto- E-26 754.8 2279.4 95% Coh
clave) E-31 716.5 21495 85% Coh
E-32 581.5 17445 95% Coh
L - T e e - — - 0 R
EA9628/BR127 B VE-1 192.9 578.7 95% Coh
{(Vacuum -20 1374 4122 * 90% Coh
hag) -24 476.3 14289 95% Coh
-31 353.5 1060.5 95% Coh
I S T Tl IO S
FM73/BR127 A F-1
{Auto- -6 1629.4 4888.2 90% Coh
clave) -31 21295 6388.5 90% Coh
-37 1755.7 5267.1 85% Coh
FM73/BR127 B VF-4 1272.0 3816.0 85% Coh
{Vacuum -22 13426 4027.8 95% Coh
hag) -26 1453.9 4316.7 90% Coh
-31 1459.0 4377.0 90% Coh
EA9309/BR127 RT cure 1-25 4 minutes less than 100% Coh
-26 2 minutes 1 cycle 85% Coh
-27 4 minutes " 95% Coh
-32 3 minutes 45% Coh
Note: 140° F/100% RH

900 psi

0 psi = f,n for 5 minutes

3 cycles per hour

< fmax for 15 minutes

No failure after 7400 cycles; tested for residual

at ambient (3350 psi)

20
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Table 9.—RESULTS OF CYCLIC LOAD/ENVIRONMENTAL EXPOSURE TESTING-1200 PSI

Hours Cycles .

Adhesive/primer Curle Spec. to to Fallt(;re

Cycle no. failure failure mode
EA9628/BR127 A E-2 558.8 1676.4 95% Coh
(Auto- -5 498.2 1494.6 99% Coh
clave) -7 578.1 1734.3 70% Coh
8 753.8 2261.4 70% Coh
EA9628/BR127 B EV-1 90.4 271.2 95% Coh
{(Vacuum -3 2071 621.3 95% Coh
bag) -5 202.1 606.3 98% Coh
-7 245.2 735.6 99% Coh
FM73/BR127 A F-5 872.2 2616.6 90% Coh
(Auto- -7 746.0 2238.0 80% Coh
clave) -13 703.2 2109.6 70% Coh
-15 600.0 1800.0 90% Coh

E— B I R ]
FM73/BR127 B FV-2 642.7 1928.1 98% Coh
(Vacuum -5 904 .4 2713.2 95% Coh
bag) -9 795.8 2387.4 95% Coh
-14 2424 727.2 98% Coh
Note:  140° F/100% RH condition
1200 psi = f5, for 15 minutes
0 psi = fmin for 5 minutes
3 cycles per hour
21
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Table 10.—-RESULTS OF CYCLIC
LOAD/ENVIRONMENTAL EXPOSURE TESTING —1500 PS/

c Spec Hours Fail
Adhesive/primer ure pec. to Cycles ailure
cycle no. failure mode
EA9628/BR127 A E-3 191.3 573.9 100% Coh
(Auto- -6 142.7 428.1 98% Coh
clave) -9 185.1 555.3 95% Coh
-10 163.5 490.5 98% Coh
EA9628/BR127 B VE-2 40.9 122.7 99% Coh
{Vacuum -4 66.5 199.5 99% Coh
bag) -6 63.4 190.2 939% Coh
-8 69.7 209.1 99% Coh
FM73/BR127 A F-1 193.9 581.7 60% Coh
(Auto- 4 2184 655.2 50% Coh
clave) 8 2114 634.2 55% Coh
-10 216.9 650.7 80% Coh
FM73/BR127 B YF-4 81.9 245.7 90% Coh
{(Vacuum -8 100.1 300.3 90% Coh
bag) -1 98.3 2949 85% Coh
-13 101.7 305.1 98% Coh
Note: 140° F/100% RH condition
1500 psi = fra, for 15 minutes
0 psi = fi, for 5 minutes
3 cycles per hour
22
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Adhesive

> 900 psi

FM73 4 z;m 1200 psi

1500 psi D Vacuum Bag
\ // /A Autoclave

W 900 psi
e m o

1600 psi Notes: 1. 140° F/100% RH
\ 2. 15 minutes at maximum load
5 minutes at 0 load
EA 9309 T T 7 Failed in less than one cycle at 900 psi 3 cycles per hour
L 1 1 I\ 1 —
0 2000 4000 6000

Cycles

Figure 9.—Comparison of Cyclic Load/Environmental Exposure Data
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4.0 EVALUATION OF REPAIRED PANELS

As part of this program, several panels were fabricated to provide a preliminary evafuation

of the proposed repair procedures. ‘The panels gave an opportunity to further demonstrate
the utility of the phosphoric acid non-tank anodize method. There was special interest

in demonstrating use of the method to prepare the surface of the bonded stiffeners where

the metal splice details would be bonded.

Subsequent testing ol the repaired panels and comparison with controls allowed verification
that the repairs were adequate to meet the design requirements,

4.1 PANEL DESIGN

Repair demonstration panel configurations were selected based on critical structural condi-
tions for the PABST fusclage. The types of pancels and the modes of loading are shown in
Figure 10. Two of the panel types represent repair of the skin/trame areas. The third repre-
sents repair to the bonded longitudinal skin splice.

The pancls with the frame tee allow two methods of testing. The first is a normal tension
load on the tee. This oceurs in-service due to fuselage internal pressure Joads as the shell
tries to expand and is restrained by the stiff frame ring. The tension toad on the frame tee
leg to skin bond is critical. The skin pillows between the stift frames as pressure is applied.
This tends to start a peeling action in the bond at the edge of the frame tee leg.

The other critical loading condition for the frame tee/skin is represented by shear along the
frame. This is primarily caused by floor loads or may be caused by concentrated loads such
as those introduced by the landing gear. The stresses in the longitudinal skin splice are
caused by the fuselage pressure loads.

The designs of the repairs for the panels are shown by the sketchey in Figures 11 and 120 The
basic construction duplicates that of the PABST component. The skin for the panel is

0.050 in. thick 2024-T3 bare aluminum. The frame is detailed in Figure 13 and was fabricated

from bare 7075-T6.

All of the panels were initially fabricated in the undamaged/unrepaired condition. Damage
wis then assumed for one-half of the panels and repairs were incorporated. The other half
of the panels were used as controls. The repair design utilized bonded splice plates. In
general, the splice overlaps were 2.0 in. The plates were 0.032 in. and 0.040 in. thick. They
were stepped to provide edge tapering.

The stresses in the bondlines required to attain ultimate load in the metal were relatively
moderate. The higher stresses were in the splice straps for the frame tee. These have a
maximum 4.0 in. overlap length. Assuming an ultimate stress of 75 ksi for the 7075-T6
aluminum, the required average ultimate stress for the bond was 1380 psi. This is well
within the adhesive’s strength capability. [f the low test point on the 180°F curve for FM73
adhesive in Figure 14 is reduced by 3 standard deviations and extrapolated to a 4.0 in. lap
length, the allowable design value is 6200 Ibs per in. of width or 1550 psi.
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Tension—Longitudinal Skin Splice (18 by 24 in.)

Tension—Frame Tee to Skin Joint (18 by 24 in.)

f

Shear—Frame Tee to Skin Joint (24 by 24 in.)

Figure 10.—Repair Test Panel Configurations and Loading Modes
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.050 skin

.032 splice strap both sides \

.032 skin patch

bevel “\

both sides

G sym.

-s— Tension grip on this
and opposite end

|—»>

1.00R (Typ)

sym.
w.
/- Bevel " |(typ) B
1 .
.032 splice strap
| /—repair detail
| both sides
— — e— I— — —
Outline of damage cut-out

.60

and .050 replacement plugy
- — |
\
|
{
’ 4.50
5 I 8
I
| I
\ /
L]
I 6.00 !
| | Y,
—_ — ) —_ =
o\,
' - Cut line for
splice plate A
' K

.

|

—

10.00

IS o

——4.00 ——{ |

";=

Notes:

-

A-A

*Bevel per repair handbook instructions

All metal 2024-T3 bare

use phosphoric acid anodize to prepare bond surfaces
prime with BR-127, bond with FM-73 adhesive
cure repair at 200 F, 2 hrs, full vacuum.

Figure 11.—Detail of Skin Splice Repair
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Cut to remove

damaged tee =

x> -

,’ .
Remove | f l
damaged skin —\ 1.00R
' | oy ~Tvp) |
[ N / [ ) 14.50
| Iy ) | H
6.50 3.50 4= ! — | ]10.50 _|
7.50 |
l I\ \! | 650
\
| N |/ |
I 6- |
K N | __JL )L
N - —
I ! . 7.00 ‘
| 8.00 |
| N- _g
l‘ P-_m *| 032 . /
—-| .25
-8
‘ — — ] ‘ Cut to remove_/
t | damaged tee
.025 Brake form N _7

End Cross-section of the
—7, —8, & —9 Details

Note: See next page for dash number description

—_

Figure 12.—Detail of Frame Tee/Skin Repair
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Frame Tee Repair

-I '0.25
t JL __ L' ¢
L.os ' 025
} 1.75 |
7075-T6 bare

Figure 13.—Detail of Frame Tee
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List of Metal Details
Dash | No Item Description Non-clad Notes
No. Req'd material
1 1 Test panel skin See test specification 2024-T3
drawing for size
-2 1 QOuter skin splice 0.032 x 7.50 x 8.00 " Radius corners and
plate chamfer one side
-3 1 Inner skin splice 0.032 x 6.50 x 7.00 . Radius corners
plate ]
-4 1 Skin plug 0.050 x 3.50 x 4.00 . "
-5 1 Frame tee See Fig.13 for 7075-T6
cross-section
-6 1 Frame tee plug Same as -5 hut .o
6.50 long
-7 4 Splice strip filter .032 x 0.70 x 4.50 '
8 2 Splice strip 032 x 0.70 x 12.50 0
-9 2 Spilice stnp .032 x 0.70 x 9.50 .
-10 1 Splice strap .040 x 2.10 x 10.50 .
-1 1 Splice strap .040 x 2.10 x 14.50 .
Figure 12.—(Concluded)
r
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Figure 14. Design Curve Derivation - FM73 Adhesive

Bolted doublers were added to two sides of the pancels where they were to be gripped for
test foadimg. The frame tee for the shear pancels was extended and tapered to a greater
thickness tor botting to the test fixture as shown in Figure 15,

4.2 PANEL FABRICATION

[ welve pancls were tabricated. The panel metal details were fabricated using conventional
metal working techngques. Fhe surfaces of the basic panel details were prepared prior to
bond assembly by phosphoric acid anodizing in Bocing's production surface preparation
tanks.  The parts were then sprayed with BR127 corrosion inhibiting adhesive primer. The
primer was cured by baking at 25071 for one hour. Subscquentiy, the panel was bonded
with FM73 adhesive.  The cure eyele was 250°F for 90 minutes at 50 psi. Wedge specimens
were cured with the panels as controls. These gave satistiuctory test results.

After bonding, the assumed “damaged area’™ was removed from one-hall of the panels.
Figure 16 shows the skin being cut with a high-speed router. The router is being used
against a previously prepared metal template. A panel with the “damaged area™ removed is
shown in Figure 17, The organic finish has been removed from the arca where the repair
details are to be bonded.
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Figure 15, —Build-up Provided at End of Shear Panel Frame Tee for Test Loading.
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Figure 16. -Removal of the “Damaged Area” with High Speed Router

Figure 17. Panel with “Damaged Material” and Organic Coating
Removed from Surfaces to he Bonded,
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Atter damage removal, the repair details were fabricated. These are shown prior to bondig
in Figure 1X.

Frgure 18 Fatigue Control and Repair Test Panel with Details Prior to Bonding

Suttace preparation of the repair details was accamplished in production clesming tanks.,
Fhe phosphoric aad non-tank anodize method was used to prepare the sarface of the
pancls. The area of the panels around the bond surfaces was masked and phosphoric acid
gel applicd as shown in Figure 190 L he area was then covered with acid saturated gauze
and a stanless steel sereen. Anodizing is shown in process in Figure 20, The sereen is
connected as the cathode (=) and the panel as the anode (+). Anodizing was done at 6 volts
for 1O munutes.

After anodizing, the acid was rinsed from the panel (Fig. 21) and the surface inspected (or
the indescent, anodized color with o polarized filter (Fig. 22). The anodized arca was sub-
sequently primed with a Preval spray unit (Fig. 23 and the primer bake cured. The details
were then assembled and the pancels bonded at 200°F for 2 hours under tull vacuum. A com-
pleted repaired panet and a comparable unrepaired control panel are shown in Figure 24,
After repair, the panels were nondestructively inspected using the Fokker bond tester and
ultrasonic water-coupled through transmission. The inspection indicated that all bonds

were satisfactory.
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Figure 20. -Anodizing Repair Test Panel Prior to Bonding
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Figure 21. -Rinsing Panel after Anocdizing

Figure 22. --Inspection of Anodized Surface with a Polarized Filter
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Figure 23. -Priming Surface with BR127 Primer

Figure 24. - Control and Repaired Shear Panel Prior to Test.
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4.3 PANEL TEST AND RESULTS

One ot cach panel type was tested statically and in fatigue. The loads were applied to the
pancls using servo-controlled hydraulic actuators monitored by load cells. The six static
speamens were strain gaged and a pretest strain survey taken to assure that the load distribu-
ton was acceptable. The static specimens were then tested at ambient conditions to tailure.

Ihe tatigue panels were tested inan environment consisting of 140°F and 10077 relative
hunudity. The specimens were not preconditioned. Conditioning was accomplished during
the test. The environment was created using a humidity generator and enshrouding the
pancl in plastic film. Temperature was controlled by thermocouples mounted on the

pancl surface. The humidity generator and two of the test panels are shown in Figure 28,
Ihis photo was taken during a pause in the testing for NDI evaluation. The plastic film

and the thermocouples have been removed from the repaired longitudinal splice specimen in
the foreground. Similarly. the repaired frame tee tension pull-off specimen is shown in
Figure 26. A slow 20 minute fatigue cycle was used. Specimens were loaded to 5077 of the
ultimate strength of the comparable statically tested panel. The cycle consisted of the load
heing applied. held for 1S minutes, and then returned to no-load tfor S minutes. Specimens
were loaded for 1000 cycles or until failure, whichever occurred first. The testing was halted
after 350 and 700 cycles to allow nondestructive inspection with 4 Fokker bond tester to
determine it degradation of the bond could be detected. The panels were also nondestructively

Figure 25.—Test Panels and Environmental Load Cycling Fixtures
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inspected atter completion of the 1000 cycles. Panels that sustained the 1000 cycles were
then statically tested to determine their residual strength.

Figure 26. Frame Tee Tension Pull-off Test in Progress

Resalts of the static and fatigue tests are listed in Table 11, The repairs were constdered
successtul. Fhis was based on the design objective that the repaired specimens be as strong
as the undamaged controls. For two of the panel types, the bondlines were in shear:
fatlure. as expected. was in the base metal. These were the longitudinal skin splices and the
frame/skin shear panels.

Pypical failed skin splice panels can be seen in Figure 27, The base metal of all of these
pancls deformed considerably prior to failure. Failure wis at the predicted ultimate metul
strength and comparable for both the control and repaired units. Failure of the repuaired
fatigue pancl at o lower stress than the control pancl is attributed to normal data scatter.

fypicd failures of the frame/skin shear panels are shown in Figure 28, All failures were in
the tee at the transition of the frame to the padded end fitting, It would have been desirable
to torce the Tailure into the repair arca. This was impractical, however, since the stresses
were lower in the doubled-up repair area than in the surrounding base material. The load
levels induced were satisfactory. Failure loads were very high as compared to the ultimate
design requirements. Design ultimate shear in the skin was 260 Ibs/in. Fatlure loads induced
shear ot approximately 830 Ibs/in. It was felt that there was little possibility of failing the
repair unless the skin buckled and induced high peel loads at the bond cdge. This is an
unrealistic condition and was not a test goal.
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Table 11.—-RESULTS OF CONTROL AND REPAIRED PANEL FATIGUE TESTS

Environmental
Static failure stress cycles to
Type of R .
specimen load, kips failure
Control | Repaired | Control | Repaired
Skin/frame
tee panels
Tension 6.5 6.0 (5.47) (5.32)
Shear 27.9 32.0 121 605
Skin/splice
panels
Tension 59.1 60.3 (61.27) (60.00)

Note: Numbers in parenthesis denote residual

failure load in kips after 1000 environmental
stress cycles.

PRD h
RiPAIR

Figure 27.— Typical Failure of a Repaired Skin Splice Panel
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a) Unrepaired Control Panel

b) Repaired Fatigue Test Panel

Figure 28 - Typical Failure of the Frame/Skin
Shear Test Panels
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As noted in Table 11, the repaired frame/skin shear panels had higher static strength and o
longer tatigue life. The reason for this can be seen by comparing Figures 28a and 28b. The
bonded straps that were used in the repair to splice the frame tee base extended into the
loading grip transition region and added a degree of reinforcement to that area.

A typical failure of the frame tee pull-off panels is shown in Figure 29, Failure was in the
bond with the control specimens giving slightly higher results. The test. as seen previously

in Figure 26, induced very high peel loads at the edge of the tee leg. Delumination started
carlier in the repaired panel where splice doublers were bonded on the legs. This was because
of the greater stiftness of the laminate build-up as compared to the initial tapered leg. A
suggested solution is to extend the first splice strap to locally stitfen the skin and thus soften
the load transition at that point. This can be seen in Figure 30,

Figure 29.—Typical Failure of Frame Tee Tension Pull-off Panels

je— Frame tee

Splice straps

Extend width of first splice plate
to soften load at edge of tee

4
-

.

/—Skin
r

Figure 30.—Extension of Splice Strap Width to Reduce Peel Stresses at Edge of Frame Tee
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The pancls were progressively non-destructively inspected with a Fokker bond tester during
the environmental fatigue cycles. This was done by using the same instrument for each
inspection and calibrating it against a prepared standard before taking cach set of readings.
No indication of bond degradation could be noted with the exception of 2 delaminated arcas
that developed. One of these was in the repaired frame tee pull-off panel. Some initial
delamination was detected under the edge of the spliced tee leg after 350 test cycles. This
delamination did not progress during the remainder of the cycling. A second delaminated
arca, approximately 1.5 by 2.0in., occurred in the frame tee/skin shear panel. This was
noted under the tee in the tapered transition arca. This panel failed prior to the next
ispection period.

4.4 PANEL TEST CONCLUSIONS

No problems were encountered in using the non-tank phosphoric acid anodize method to
accomplish these repairs. All repair bonds were of high quality.

The thickness of the metal for the panels, which were tested in this series, i.c., 0.050 in. to
0.060 in, was such that there was no problem of restoring the initial strength of the “damaged™
panels as long as the bondlines of the spliced members were in shear. Conditions where
bondline tension or peel stresses are critical, require more attention. It is suggested that

where this condition is encountered, stresses be reduced by increasing the base of a tee.

Care should also be taken to taper edges to minimize peel and other peak stresses.

The Fokker bond tester was effective for determining bond deterioration as manifested by

delamination. It was not effective for detecting general degradation when the bondline
remained intact.
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5.0 DEMONSTRATION OF LARGE REPAIRS

The coupling of this program with the PABST contract has provided an excelient opportunity
to develop and demonstrate large repair techniques for primary structure.

I'he PABST design and analysis results have been etfectively utilized as baseline data.
Relating this program to PABST has had additional advantages in providing a design repre-
senting structure that incorporates the most recent advancements in bonding technology.
It has also been cost effective in providing the use of test hardware surplused from the
PABST program, for repair demonstration.

In consideration of the trend to increase the use of structural bonding, the technolopy
necessary 1o provide bonded repairs suitable for use on primary structure has been noticeably
Jacking. Repair methods are available tor secondary components; however. the requirements
ol these repairs have not been sufficiently demanding to meaningfully apply this experience
to primary applications. The diftferences are (1) the greater emphasis of primary structural
design on reliability; (2) primary structures are typically much more hizhly loaded and must
nieet rigid requirements in regard o fatigue resistance and damage tolerance.

Current use of bonding in secondary applications is typified by wing trailing edge structure.
Fhese components are usually stiffness designed and the skin thicknesses are selected by
minimum gage criteria. These are commonly 0.012in. to 0.016 in. thick. Repair patch
material is cqually light and the bondline stresses are low, Quality of the repair is primarily
a matter of economics. I the repair fails, safety of the aircraft is not threatened and the
repair procedure must simply be repeated.

By contrast, primary structure typically utilizes much thicker gage material and the stress
{evels are much higher. Failure of the repaired component, if not the repair iself. will
endanger the safety of the aircraft. ‘These conditions, which will be encountered by the
primary application of bonding, arc adequately represented by the selected PABST fuselape
component and its design criteria. In contrast to the minimum thickness skin gages for the
described secondary structure, the skin gages for the PABST design range from 0.050 . to
0.08%0 in. ‘T he bondline stresses are high. Additionally, the component provides many of
the detail design, and hence repair situations, that may be encountered in an actual bonded
fuselage.

5.1 DESCRIPTION OF THE BASELINL STRUCTURL

The structural configuration of the PABST fuselage is a combination external/internal longeron
design concept. ‘The longerons are external on the Jower and side fuselage quadrants. They
are internal on the upper quadrant. ‘The longerons on the upper are lower quadrants are
close-spaced, 10.25 in. to 12.38 in, while the side quadrant longerons are wide-spaced at

70 in. ‘The basic frame spacing is 24 in. Intermediate frames having lesser height are addi-
tionally provided in the shear critical areas of the wide-spaced longerons.
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A drawing showing structural details at a representative upper quadrant frame/longeron
tersection is given in Figure 31, This particular location (Body Station 655) contains
longitudinal skin splice. The frame tee is bonded to the sk and longeron and sphice plates
are riveted. The inner rows of rivets are typicatly at 1.06 in. spacing. Spacing of the outer
row ot rivets tor the wider internal splice plate isat 2,12 in.

Ihe configuration of the intermediate frame used for the side quadrant s shown in Figure 32,
A typrcal lower quadrant detail is shown in Figure 330 Dimenstons are also given n the

figure tor the bulb tee external longeron. Except at the longitudinal splices. the longerons.,

as weltlas the frame tees. doublers and tear straps are bonded to the skin,

Lhe lower toselage section contains two bonded longitudinal skin splices. These are located
approsimately at the mtersections of the lower and side quadrants, Phese sphices are not at
longerons but are double strapped butt joints as shown in Figure 34,

Ihe matenals tor the PABST program were selected based on potential tuture production
appheation. The skins are 2024-130 The material selected for the tear straps s 7475- 1701
Because of procurement difficultios, however, the frames, longerons, and tear straps tor

the Douglas: PABS T demanstration component are fabricated of 707516

Al mctal surtaces are prepared prior to bondimg by anodizig with phosphionc aad and then
privmnye with BRI 27 corrosion inlubiting adhesive primer. Bonding s done with 1'M73
adhesive wlndh cures at 2507F  Thie faymg surtaces of the riveted jomts are couted with
PRIA2Y seakint prior to assembly.

5.2 SELECTION OF REPAIR DEMONSTRATION ARLEAS

Iarly in the program., mectings were held with the Air Force/Daouglas PABST team to
discuss the objectives of the program and to select critical arcas on the PABST structure

for repair demonstrution. Tt was agreed that thie repairs would be defined only for the basic
stracture and would not include special cases such as cut-outs for doors, ete.

I wo demonstration areas were selected. Fhese included the intersection of a frame/longeron
in the crown arca and a similar location in the lower quadrant. In the Tormer case. the
longeron was internal, passing through the frame. In the latter case. the longeron was

s

external. The selection of these “eritical case™ conditions additionally gave solutions to less
mvolved repair problems, g where the skin and longeron or only the skin was damaged.
Repanrs at these locations were also telt to be adequate to demonstrate repar feastbility at

a less critical candidate location in the side quadrant. Conveniently. specific points repre-
senting these arcas were also selected by Doaglas as critical analysis check points for the
PARBST component. As such, loads and analysis data were available to permit meaningful
tatipuce and fracture analysis studies. ‘The locations are shown in Figure 350 The “B™ and
1 designations correspond to the designations used for these particular points by Douglas.
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Figure 31.—Details of Upper Quadrant Frame/Longeron Intersection—Pabst Baseline
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Figure 35.—Areas on Pabst Structure for Repair Study
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5.3 REPAIR REQUIREMENTS AND CRITERIA

The basic requirement for the repair is that the quality be such as to restore the structure to
its ongainal, undamaged level of strength and durability. The repair must meet the strength
and rigidity requirements ol the MIL-A-008860 series specifications. The fatigue life goal in-
cludimg the scatter factor is 30,000 hours with 19,000 pressure cycles. The basic structure is
tested 1o two lives, Tt must meet the requirements for slow crack growth as specified in M1 -
A-83444. In addition, the structure is required to equal DC-10 tail sate quality. This involves
sustaining the following damage:

L A two-bay circumferential crack with the center stiffener failed  at limit load.

° A two-bay longitudinal crack with the center frame intact but with the crack stopper
failed i present at imit load.

L A 15 inch foreign object damage including a cut frame at the lesser of limit or one time
maximum stress (20 lifetimes)  1.5g inertia plus pressure were used for the DC-10.

Fhe sophistication level of repair methods must be compatible with practical repair depot
facilities and personnel capabilities. Because of the size of panels, repairs will largely be made
on the arrcraft. Sizeable repairs will be made at the ALCs. TEmust also be assumed that re-
pairs of some limited size will be accomplished at the operational base

Materials and processes will be defined considering practicality for repair depot use. This -
cludes consideration of such stems as tolerance ranges, heat-up rates and curing temperatures,
working life of the resins, ete.

Minimum repair costis an important goal. This is in agreement with the Air Foree Merit Rating
System appearing in the work statement for the PABST structure. This rates minimization of
acquisition and maintainence costs as Q077 inimportance as compared to weight as 10770 The
flow time required to accomplish the repair also muast be considered. This may or may not he

commensurated with cost,

Acrodynamic requirements for the PABST structure are not unduly strict. External repanr dou-
blers are allowable as is the use of button head rivets. The edges of external doublers should be
tapered to g mimmum thickness ot 0.032 in. over a length of .25 in. The designated mimmum
skin gage is 0.050 in. This has been established 1o allow the use of countersunk fasteners and to
minimize foreign object damage. '

5.4 DESIGN

The general repair design approach has been to remove the damaged area and splice in new
material as required to restore the previously undamaged structural strength, Three basic met-
hods of attaching the repairs were considered. These are compatible with repair depot capa-
hility and the probability that repairs will be made on the airplane. These methods include the
following:
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L. Bonding using vacuum bag pressure and portable heating.
2o Bonding using mechunical tasteners tor pressure and portable heating.,

3. Riveting using an ambient temperature curing interfuce sealant.

All of these methods were shown to be satisfactory based on a static strength analysis. The sub-
sequent fatigue analysis, however, indicated that the third method was not satistactory and that
structural bonding was required to meet futigue quality requirements.

Repairs were designed tor the two selected crown and lower fuseliage locations. These designs
were used as i basis tor stress and cost analysis studies. They were subsequently demonstrated
by performing the repairs on a farge Douglas-Turnished test panel.

Sketehes ot the repairs are shown in Figares 36 and 37, Splice plates were stepped o gradually
transter the load and minimize the eftect of repair hard spots. Fat details were used where pos-
sible. so that they would conform easily to the contour of the curved skin or frame.

Matching stift formed or extruded details to the frame contour may be a problem with these
particular repairs. Tt is assumed that in actual practice consideration will be given to cutting
these sections trom stocked spare frame members. It these are not availuble, forminge blocks
or special roll forms may be required to fabricate the parts. This is not dissimilar to present
requirenients tor obtianing these sections to repair current fuselage structure.

Rivets are used for the bonded repair in areas where they are used on the basie structure,
e tor attachment of the formed frame zee to the tee leg. Tois expected that the use of
rivets will be allowable m some locations where bonded splice plates have increased the
effective thickness and substantially reduced the gross area stress. Fhe use of mechuanieal
fasteners, where permissible, may be cost effective in alleviating the more exacting torming
or machining tolerances that would be required if the details were 1o be bonded.

5.5 ANALYSIS

A conventional approach has been used for the static analysis. Load is transferred in or out
of splice plates through rivets or adhesive bonds. The adhesive allowable stress has been
conservatively determined from the ultimate load versus lap length values obtained from the
material evaluation tests. This procedure was discussed previously in Section 4.1, A 2.0 in.
splice lap length was used as a minimum length. Longer lap lengths were used as required.

Data was obtained trom Douglas to perform fatigue analyses at the two locations selected
for repair demonstration. ‘The information package included the baseline structural
drawings and the fatigue loading spectra. Douglas also furnished S-N curves for the baseline
configuration. This allowed a compatability check of the Douglas and Boeing fatigue life
predictions. This check indicated the two analysis procedures were closely comparable.
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Figure 36.—-Checkpoint “B” Repair Internal Longeron
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-14
Section D-D
D:‘:: ::q, d Item Description Material
-1 1 Test panel skin .050 2024-T3
-2 1 Splice strap .025 x 4.00 -
-3 1 Splice strap .025 x 3.00 v
-4 1 Splice plate 025 x 17.0 x 22.0 v
-5 1 Splice plate .025 x 18.5 x 21.0 v
-6 1 Long. plug 125 7075-T6
-7 1 Long. strap .050 x 0.80 x 28.0 v
-8 1 Long. strap .050 x 1.15 x 28.0 "
-9 1 Long. angle .050 x 1.05 x 24.0 r
-10 1 Long, strap .050 x 0.80 x 28.0 .
-1 1 Long. angle .060 x 1.05 x 24.0 "
-12 1 Long. angle .050 x 1.05 x 32.0 .
-13 1 Shear tee strap .040 x 2.10 x 25.0 .
-14 1 Shear tee strap .040 x 2.10 x 23.0 o
-15 2 Shear tee strap .032 x 0.70 x 13.0 "
-16 2 Shear tee strap .032x0.70x 12.0 .
-17 2 Shear tee strap .032x0.70x 9.5 "
-18 2 Shear tee strap .032x0.70 x 8.5 “
-19 1 Shear tee plug 15.0 .
-20 1 Skin plug 0.50 x 10.5 x 13.0 2024-T3
-1 1 Tear strap plug 0256x4.0x 12.6 v

Figure 36.—(Concluded)
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Detail Z
.25 7
[ {
oo /
Section C-C < 4.0~ 6.4 —— 7
"
10R 12.35
N
25.0
~10 Detail
Dash No. ltem Description Materiat
No. Req'd
-1 1 Existing skin .050 2024-13
-2 1 Splice plate 17.0 x 24.0 x .050 2024-T3
-3 1 Skin plug 13.0 x 20.0 x .050 2024-T3
-4 1 Long. strap 34.0 x .45 x .050 7075-T6
-5 1 Long. strap 40.0 x .70 x .050 7075-T6
-6 1 Long. strap 37.0 x .95 x .032 7075-T6
-7 1 Long. strap 4.0.0 x .70 x .050 7075-T6
-8 1 Long. angle 40.0 x .95 x .050 7075-T6
-9 2 Fitler .060 2024-T3
-10 1 Shear tee 25.0 7075-T6
-1 1 Shear tee strap 25.0 x 2.1 x .040 7075-T6
-12 1 Shear tee strap 21.0x 2.1 x .040 7075-T6
-13 2 Shear tee strap 21.0x 0.7 x .040 7075-T6
~-14 Long. plug 28.0 7075-T6

Figure 37.—(Concluded)
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Ihe fatigue analyses of the repairs entailed utilizing the Douglas/PABST fatipue load spectra.
Boving's computerized fatigue program and Boeing’s detail fatigue performance charts, and
modification factors. The latter were used to determine the fatigue quality level of the repair
design detiils, The procedure was as follows:

1. Representative levels of fatigue quality were assumed for cach of the selected repair
locations. The Douglas/PABST load spectra for the particular locations were then used
with the Boeing fatigue program to produce curves of fatigue quality versus fatigue
lite. The two curves for the crown and lower fuselage area are shown in Figure 3K,

Q. Fhe fatigue performance qualities or ratings of the baseline designs und candidate repair
methods were determined and plotted on the appropriate curve. These ratings were
based on the detail contigurations and were obtained from Boeing's detail tatigue rating
design charts, ‘The charts provide fatigue ratings for the particular detail design con-
figurations. These ratings are appropriately modified depending on the type of fasteners
and hole preparation, material surface treatment, countersink configuration. und such
additional considerations as material stack-up and bolt clamp-up effects, ete.

I hie analvsis for the purely mechanical fastened repair was treated conventionally with
allowance for the faying surface sealant. In the cases where a structural adhesive was used

for attachment and mechanical tasteners were used to apply the bonding pressure. the
adhesive bond wis designed to take all the transter load. Load transfer through the mechanical
fasteners was considered to be negligible.

The aceeptability of the repair methods was measured by requirement that their fatigue life
he cquivalent or greater than that of the baseline. A comparison of the methods is shown
in Figure 3%, 1t was indicated that the purely bonded repairs were acceptable. The bonded
repairs with mechanical fasteners were also satistectory, assuming that the fasteners were in
the padded-up areas and nonloading transferring. The mechanical fastened repairs using
only an interface sealunt were not aceeptable.

Crack growth analyses were conducted ftor structural repairs to the fuselage crown and belly
arcas (check points B and D). Results of the study showed that both the candidate mechanical
fastener/bonded repairs and the purely bonded repairs satisfied the design life requirements.
The Douglas structure was designed to satisty the slow crack growth certification requirements
of MIL-A-83444. The Boeing repairs were evaluated using the same slow crack gr- wth certi-
fication requirements.

All inputs for the analyses were identical to those used by Douglas in their PABST evaluation
studies. The Joading spectrum was representative of several different mission types. For
example, the spectrum for the crown location contained 111 blocks and 510,376 cycles per
1000 flight hours. The stresses include those induced by typical flight and pressure loadings.

The analysis procedure required a unique approach in order that the Boeing results would be
cquitable to the Douglas baseline data. The Douglas analysis used the Willenborg crack
growth retardation model that was modified to provide a good match between predicted
and test results, The Douglas modified retardation model was not accessible to Boeing, but
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Figure 38.—Comparison Between Fatigue Quality of Repair and Baseline

the baseline crack growth curves (crack length versus time) were provided. These Douglas
crack growth curves were differentiated and normalized to a geometry represented by a
standard thru-thickness crack in an intinitely wide sheet Gi.e., the geometry correction factors
were unity for all crack lengths.) Then the crack growth behavior of the repair detail was
ohtained by integrating this established relationship and correcting tor the particular detail
peometry. Figure 39 is a comparison of the crack growth pertormance for an 0.250 in.
thru-thickness crack as defined by Douglas and as computed by Boeing, (Douglas has
identified the 0.250 in. thru-thickness crack condition as being critical in contrast to an 0.050
in. crack at a hole).

The stress intensity geometry factors for the Boeing repair were generated using the stress
intensity factor relationship defined for flaws in holes which was developed by Shaw and

presented in ASTM STP 590. These included the finite width and back surface factors.
Small flaw effects were not included.
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Geometry magnification tactors for flaws located at the edge of fastener holes in representa-
tive sheet thickness have been computed (Figs. 40,41, 42, and 43). These geometry magni-
Hiction factors were established using the following assumptions:

I he adhestve was fully ettective in distnibuting the load through the repair splice
clements. there was negligible load transfer through the fasteners.

Ihe adhesive did not restrict the crack opening displacerent in the individual sheets.

i Phe load in the crack tip was not transferred to adjacent clements through the adhesive,

Ihiese assumptions are considered to be representative or conservative (e lower perform:
ance than demonstrated by test).

Ihe above tactors were used 1o make a comparison of the crack growth behavior of the
Dotelus .25 . tha-thickness surtace Haw located away trom o lastener and an 0.050n
corner hole tlaw at a " no load transter™ fastener i the repair arca. This s shown m

Preure 44 MIH-A-%3444 pormits constderation o a smaller flaw (a=0.1 25y, Fhe lagher
stress imntensiy resalting rom the fastener causes the hole tlaw to mitedly grow at o lastenar
rate. This vrend s followed untl the crack prows out ot the direct influence of the hole

At that point the growth rate o the surface Haw becomes greater becuuse ths growimy ot
both crack tips while the hole Haw is growing at only one tip. This comparison sfiows that
the Douglas analvsis was correct in selecting the surtace flaw as being more severe than a
hole 1law.

Figure 45 is the crack growth performance for an initial 0.050 in. hole flaw 1in 0.060 m

skin material at four fustener areas in the repair design for checkpoint B, Station 11510

the joint area just outside the repair splices. Stations 2, 3, and 4 are in the repair splice area
and differ only by the addition of the repair doublers. The analysis indicated that the repair
splice is tess critical than the baseline.

The addition of the repair doublers may add sutficient stiffness to pull additional load into
the area and thus not provide the projected stress reduction, “The imiting case is considered
to be that of the doubler elements picking up sufficient load (duc to the increased stiffness)
to provide no decrease in stress level. In that case, the crack growth performance would be
the same as the original basic splice structure (j.e., strain compatibility restraints result m the
same gross stress distribution throughout the detail).

Since the critical flaw condition was found to be away from the fastener holes, this analysis
is equally applicable to the all-bonded type repair.

The analysis approach for the lower fuselage (checkpoint 1)) was the same as that used tor
analysis of the crown; however, only a bonded repair was analyzed.
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Crack growth analyses were performed for g tlaw located adjacent to and under the bonded
repair doubler. These results. and the performance of a flaw in the basic structure, are
presented in Figure 46, The flaw located adjacent to the bonded doubler (Location by had
exactly the same load environment as the flaw in the basic structure. The flaw under the
bonded doubler (Location ¢) had exactly the same load environment as the flaw in the
basic structure. The flaw under the bonded doubler tLocation ¢y had a 507 reduction in
stress level. Fhe crack growth rates of both the b and ¢ locations are less than that ot the
bascline as shown. In this analysis. no credit was taken for the bonded doubler restricting
the crack-opening displacement. This phenomena should reduce the stress intensity factor
and result in o lower crack growth rate than that indicated.

The performance of a flaw under the bonded frame repair was also investigated. The
Douglas analysis showed that a flaw in the skin between the frames was more critical than a
flaw under the frame. In this analysis, it was assumed that the performance of a skin crack
under the frame was as bad as that defined by Douglas for the worst possible location. The
performance of the repair structure was then computed. A comparison of these two per-
formance levels is shown in Figure 47, The results show that the growth of a flaw in the
skin under a bonded repair will not propagate sufticiently to be significant in the design life-
time of the aircraft.

5.6 FABRICATION OF THL REPAIRS

During coordination with Douglas, a large PABST pressure test panel (110 in. x 168 in.) was
identified on which testing had been completed and which could be surplused to this
program. The panel, shown in Figure 48, had been used for damage tolerance testing and
had several temporary repairs that had been made to permit test continuity. Adequate areas
remained, however, where permanent repairs of a structural type could be demonstrated.

Three areas where repairs could be accomplished were selected. These are shown in
Figure 48. The first area was at the intersection of an internal longeron and frame.
Pressure for bonding, in this case, was obtained by using mechanical fasteners.

The second repair was accomplished at the intersection of a frame and external longeron. The
panel, as received from Douglas, did not have an external longeron. Consequently, a longeron
section was fabricated and bonded to the panel.

Both the first and second repairs were made with the panel in the vertical position. Sub-
sequently, a third repair was accomplished with the panel overhead. This involved repair of
a frame/skin “damage” location. The repair was less complex than the former two repairs
in that it did not additionally involve a longeron. It did, however, adequately meet its
objectives in demonstrating use of the hand anodizing process in the more difficult overhead
mode.

A more detailed discussion of the repair demonstrations is included in the following sections:
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5.6.1 MECHANICAL FASTENED/BONDED REPAIR

During the design and analysis studies, emphasis was placed on defining repairs that had
strength and durability equal to those of the original construction. Consideration was also
given to procedures that could practically be used at base or depot locations and that would
involve minimum cost and time to accomplish,

One method that has advantages is the use of mechanical fasteners to apply the bonding
pressure to the adhesive. A factor in favor of this procedure is that, after the parts are
assembled, only one curing cycle is required. This is in contrast 1o more time consuming
multiple cycles that might be required if vacuum pressure was used. It also may be difficult

to seal a vacuum bag around a complex area such as that having frames and longeron members.
Another advantage is the higher pressure that can be obtained with fasteners. This can be
utilized to more effectively force parts into intimate bonding contact.

An investigation was conducted before starting the repair to determine if rivets could be
used or if a bolt/spring procedure would be required for pressure application. The problem
anticipated was that the adhesive would flow out of the riveted joint and relieve the bonding
pressure during cure. This was evaluated by curing a laminate using both procedures.
Laminates were assembled incorporating six bondlines. ‘This was representative of the repair
in the tongeron/frame area. The panels are shown in Figure 49. The edges of the two panels
are shown after the cure in Figure 50 and the voids between the rivet-bonded plate can be
quite clearly seen. The adhesive interface in the riveted panel was porous, indicating that
the rivet method was not satisfactory. As a result, the bolt/spring procedure was used for
the demonstration repair.

SPING FREBIEe rovas? Auw
BUP Fes B serms
Marts € P/0 M ASNSLE

Figure 49. Laminated Panels to Evaluate Rivets Versus Bolt/Springs for Cure Pressure
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Figure 50.—Edge View Shawing Paraus Ecdge of Panel Pressurized with Rivets {Top) as
Compared with More Dense Bolt/Spring Bonded Panel (Bottom)

The start of the first repair on the large panel is shown in Figure 51. The riveted rib web was

removed. Guide holes were drilled and then a hole saw was used to radius the corners of the

cut-out area. Templates were attached to the panel as shown in Figure 52, to act as a guide ]
for the router cuts. The frame tee and longeron were cut back beyond the skin edge to

provide a splice overlap for the repair details. Removal of the “damaged™ material is shown

completed in Figure 53,

L4

Figure 51.--Start of Damage Removal
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Figure 52.—Attaching Bar Templates to Guide High-speed Router

-

Figure 53.—All “Damaged” Material Removed from Panel

69




Atter the “damaged” material was removed, the metal repair details were fubricated. T hese
are shown in Figure 54, They were assembled prior to bonding, i.e., prefit. to ensure proper
mating of hond surfaces (see Fig. 55). The details were cleaned and primed in repular produc-
tion facthtics.

Figure 54. —-Metal Detail Pieces Used for Repair

Figure 55. Detail Parts Prefit Prior to Surface Preparation and Bonding
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e orgame coating was removed from the pancl areas where the splicing material was to be

bonded  Thisis shown tor the back side ot the panel m Figure So. The material around these

arcas was protective masked with alunnnum tape prnior to preparation ot the bond surfaces.

Lhe anodizing process s shown being accomphshed m Fipure S7. The procedure mvolved

Figure 56. Organic Removed (rom Baond Area and Masking Applied Aroun-l Periphery

Figure 57. -Anacdlizing the Surfaces to he Bonded
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laying several thicknesses of gauze saturated with 127% phosphoric acid paste over the buge
metal bond surfaces. A stainless steel screen was embedded in the acid over the gauze

care was taken to prevent the screen from touching, i.e., shorting, to the metal. Electrical
connections were made to the screen and to the panel; the screen was connected as the
cathode and the panel as the anode. Anodizing was accamphished using o potential of 6 volts
de for 1O min. The current low wis approximately one and one-half amperes.

Iimmediately tollowing anodizing, the screen and gauze were removed and the arca ninsed
thoroughly with water. ‘The area was allowed to dry and then imspected. Inspection was
accomplished by viewing the surface with a polarized filter. The surface gave an indescent
color, mdicating that the anodizing process wis successtul.

Alter inspection, the surface was ready for priming. ‘This was done using BR 127 corrosion
imhihiting adhesive primer. ‘The primer was applied by spraying with g portabte Preval unit,
Curning of the primer was accomplished using a portable compressed air heating unit and
shrouding the arca with a plastic tent (shown in Figure 58). The air flow was baffled as it
entered the tent to provide even heat distribution. Temperature fevel was regufated ut
2007F tor two hours,using thermocouples and a controller/recorder. An overall view of the
curing process is shown in Figure 59.

After curing of the primer, the repair detajls were assembled and location holes drilled. The
parts were pinned in position with Cleco fasteners and the remainder of the holes drilled as
shown in Figure 60. Following drilling, the parts were disassembled and the holes deburred.
The bond surfaces were then wiped with methylethylketone (MEK) and the parts reassembled
with the interleaving adhesive film. The bolt/spring system that was used to apply the bonding
pressure is shaown installed in Figure 61.
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Figure 60. --Holes Drilled in Repair Details Prior to Installing Pressurizing Bolts anid Springs
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Figure 61.—Pressurizing Bolts and Springs Installed for Cure of the Bond

Curing of the adhesive was accomplished by heating the area at 200°F for 2 hours. This
was done with a compressed air heater similar to the procedure that was used for curing of
the primer. Heat was applied to both sides of the panel.

After curing, the bolts were removed, the holes reamed, and rivets installed. Completed
repair is shown in Figure 62.

5.6.2 VACUUM BONDED REPAIR-EXTERNAL LONGERON

Two tasks were accomplished prior to start of the second repair. (1) One stiffener was
bonded to the exterior of the panel. This was a bulb tee duplicating the external longeron
design used tor the PABST fuselage (Fig. 63); (2) a fiberglass bond tool was fabricated to
match the external panel surface. This was subsequently used to maintain the curved
surface contour during bonding of the repair details. The tool was reinforced with integral
stringers to provide necessary rigidity. Layup of the tool is shown in Figure 64, the tool is
shown bagged for cure in Figure 65, and the completed tool is shown in Figure 66. Removal
of the “*damaged” material with a high-speed router is shown in Figure 67. This procedure
was similar for each of the three repairs.

Organic coatings were removed from the surface to be bonded. Aluminum masking tape
was applied around these areas as shown in Figure 68. The phosphoric acid anodizing
procedure is shown being accomplished in Figure 69. Priming of the surface and curing of
the prmer are shown respectively in Figures 70 and 71.
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Figure 63.—Bonding an External Longeron on Repair Demonstration Panel
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Figure 64.—Lay-up of Fiberglass Tool to be Used to Maintain Surface Contour
During Subsequent Repair Bonding
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Figure 67.—Removal of Material for Bonded Repair
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Figure 68.-Bond Area Ready for Surface Preparation

Figure 69.—Phosphoric Acid Anodizing Aluminum Surface to be Bon-led
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Figure 70.—Spray Application of BR127 Adhesive Primer

Figure 71.—Curing Adhesive Primer
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Bonding of the repair details was accomplished in two stages. The skin plug and patch plate
were bonded in the first stage. This was accomplished using the fiberglass too! to maintam
the contour and a vacuum bag to apply the pressure (Fig. 72). The compressed air heater
was again used for the cure. The bond was inspected after the cure using a Fokker bond
tester (Fig. 73). The frame tee and longeron splice details were then bonded in place using
vacuum pressure and the compressed air heater. The completed repair is shown in Figare 74,

Figure 73.—Inspection of Skin Patch with a Fokker Bond Tester
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Figure 74.--Completed Repair—External Longeron

5.6.3 VACUUM BONDED REPAIR-OVERHEAD

The primary purpose of the third repair was to demonstrate the feasibility of using the
phosphoric acid hand anodizing procedure in the overhead mode. The panel is shown
mounted in the overhead position in Figure 75, The repair included a section of the skin
and frame tee. The removed material is shown in Figure 76, After removal of the metal,
the organic coating was removed from the bond areas and peripheral masking applied.

Since the skin patch was to be bonded to the undersurface. it was necessary to devise a

means of keeping the phosphoric acid saturated gauze pressed up against the under surface
during anodizing. This was accomplished by placing insulation gauze, the stainless steel

sereen, and additional gauze saturated with phosphoric acid on an aluminum supporting

plate. (The plate was previously roll formed to the panel curvature.) The acid paste is

shown being applied to the gauze in Figure 77. The plate was clamped against the panel surface
as shown in Figure 78, Leads were attached to the screen and to the panel. Care was taken
that an electrical short did not exist between the screen and plate or the sereen and panel
(evidence of a short would be indicated by a high amperage reading). The anodizing was
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Figure 75.—Panel Mounted for Making Overhead Repair

Figure 76.—-Material Removed for Overhead Repair
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Figure 77.—Applying Phosphoric Acid to Gauze on Plate to be Used to Press Against Lower Surface

accomplished using a rectifier. Six volts were applied for 10 min. After anodizing, the
surface was immediately rinsed and dried. Success of the anodize was checked by viewing
the surface with a polarized filter. The surface showed an iridescent color indicating that
the anodizing had been successful.

Following anodizing, the bond surface was spray primed with BR127 primer. Curing of the
primer is shown in Figure 79. The details were then assembled with the FM73 adhesive film.

Vacuum pressure was applied and the cure accomplished at 200°F for 2 hours.

This completed the three repairs (Figs. 80 and 81).
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Figure 79.—Curing Arlhesive Primer with Portable Compressed Air Heater
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Figure 80.—Interior View of Completed Repairs

Figure 81.— Exterior View of Completed Repairs

85




5.6.4 POST-REPAIR EVALUATION

Following cach of the repairs. the repair was inspected with a portable Fokker bond tester.
Fhis represented the type of inspection that is recommended for an on-the-aircratt evala-
tion. ‘This method primarily determines the presence of voids or delaminations in the
bondhine. I the case of these repairs, no voids or delaminations were detected.

After all of the repairs <ere completed, the panel was again inspected. This second mspec:
ton was accomplishicd using Boeing's water-coupled ultrasonic through-transmission unit
(LT The panel is shown being inspected in Figure 82, The unit can deteet much smaller
detects than can be tound using the portable Fokker instrument. The TTU scans the panel
atthzing multiple water jet coupling and a computerized planform printout. Again. as
previously. no voids were detected.

Following nondestructive inspection of the repair arcas, coupons were cut from the repairs
for tubrication of lap shear and wedge specimens. Emphasis was placed on selecting coupons
from arcas where the bond surfaces had been hand anodized. Locations are shown in
Figures 83 and 84, The L™ in the specimen number designation indicates location of

lap shear specimen. The “W indicates a wedge specimen.

Location of specimens taken from the overhead repair were the same as for the first vacuum
bonded repair except that it did not invoive the external longeron. The specimens with
those number designations, therefore, are omitted, i.c.. specimens number 4. 5. 6. and 7.

\ |
N

Figure 82.--Inspection of Repairs with Ultrasonic Water Coupled Through Transmission Unit
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[t can be noted that coupons were taken both from the repair and from adjacent areas. ‘The
latter were samples of the original bond under the frame tee. The purpose was to see if the
adjacent bond had been degraded by the repair and to compare the repair properties with
those of the original bond.

Where multiple bondlines existed in the coupons, the proper bondline to be evaluated was
identified. The laminate metal thicknesses were measured. Thicknesses of metal were then
added or removed to approximate the normal specimen metal thickness of 0.125 in.
Sufficient thickness was important for the lap shear specimens to ensure that the metal did
not yield during testing. Proper thickness was also important for the wedge specimens since
the metal thickness can significantly influence both the initial crack opening and also the
residual stress on the bond. This in turn influences the rate of crack growth.

Results of the tests are listed in Tables 12, 13, and 14. The lap shear results were satistactory.
The lap shear values were quite comparable to values that were obtained earlier on laboratory
prepared specimens (Ref. section 3). The range of values was also acceptable. Some amount
of scatter was expected due to damage that might have occurred during removal of the
coupons or in subsequently presaring the specimens. This was especially of concern where
rivets had to be removed. This did not develop as a significant problem.

The concerns with the wedge specimen test results are primarily in obtaining an initially
high crack opening, a high crack growth rate, or a bondline separation that is adhesive rather
than cohesive. Any of these three conditions are undesirable and are indicative of possible
unsatistactory surface preparation.

Photos of the failure surfaces of the wedge specimens are shown in Figures 85. 86. and 87.
Although the majority of the failure surfaces are cohesive, six of the specimens have partial

TEW-3C

Figure 85.—Failure Surfaces of Wedge Specimens From the Overhead Bonded Repair
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Figure 87.—Failure Surfaces of Wedge Specimens From the External Longeron Repair
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adhesive failure. These specifically are specimens EWI, EW3, IW{[, [EWT, IEW2, and IEW3
and represent all three repairs. The adhesive surface appearances correlate with the “higher
than normal™ initial crack opening lengths and growth rates listed in Tables 12, 13, and 14.

Post failure analysis of selected surface areas were subsequently conducted with the scanning
electron microscope (SEM). Areas where the SEM coupons were taken are shown in the
figures. The resulting surface appearances were compared with those of coupon surfaces
previously studied under Air Force contract F33615-C-73-5171 Mod 7 and reported in
Reference 11, The results of this analysis are as follows:

] Specimen EW-2
This is a baseline wedge specimen taken from the overhead repair. The specimen gave
a cohesive failure with only 0.12 in. crack growth during 30 days of high humidity
exposure. SEM photos of the surface are shown in Figure 88. The anodize oxide forma-
tion is uniform and of adequate thickness and is comparable to satisfactory surfaces
reported in Reference 11.

®  Specimen EW-3
This specimen, again from the overhead repair, had an adhesive type failure and a high
initial crack length. The SEM coupon, EW-3A, taken from the hand anodized surface,
is shown in Figure 89. The surface has almost no oxide formation. A direct comparison
can be made with Figure 88.

This is similar to surfaces anodized in the Reference 1 study where the voltage was too
low, i.e., | volt and consequently, the current flow was inadequate. In this case, the
six volts used is considered adequate. Low current flow presumably resulted from high
local resistance. This was undoubtedly caused locally by lack of a dense current path
through the acid saturated gauze/screen combination, probably due to a slight buckle
in the screen.

The results indicate that a greater level of care must be taken to ensure uniform contact
between the aluminum surface and the anodizing materials. The use of a foam pad and
a pressure plate over the screen is suggested, especially for the more difficult situations

such as for anodizing large areas or anodizing vertical or overhead surfaces.

A second SEM coupon, EW-3C, was taken from the mating surface of the EW-3 specimen
which was tank anodized. The anodized surface is shown in Figure 90. The oxide
thickness and density appear satisfactory.

®  Specimen IW-]
This wedge specimen was from the bolt/spring bonded repair. The faiture mode was
adhesive. The crack extension was moderate (0.38 in.) after 30 days exposure. The
surface is shown in Figure 91. The oxide layer is comparable, in general, to those of
satisfactory bonds. No explanation for the adhesive failure is offered. Since the crack
growth was moderate, perhaps there should be no concern.

No SEM examination was made for the third repair.
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3600x

12,000x

Figure 88.—SEM Photos Showing Satisfactory Oxide Layer
on the EW-2 Specimen Hand Anodized Surface
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3600x

12,000x

Figure 89.-SEM Photos Showing Lack of Oxide Build-Up
On the EW-3 Specimen Hand Anodized Surface
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3600x (a)

12,000x (b)

Figure 90.—SEM Photo Showing Satisfactory Oxide Build-Up
On the EW-3 Specimen Tank Anodized Surface
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3600x : (a)

12,000x (b}

Figure 91.—SEM Photo Showing Satisfactory Oxide Build-Up
On the IW-1 Specimen Hand Anodized Surface
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5.7 COST AND FLOW TIML STUDILS

A g oresult of the design and analysis tasks, it was determined that two alternate procedures
cottld be used to accomplish repairs on the PABST Tuscelage. These were the all-bonded repair
method with the cure pressure applicd by means such as a vacuum bag and a second procedure
utilizing pressure provided by mechanical tasteners. Following satistactory demonstration

of these two procedures, a study was made to determine the cost and tlow time that would be
required to accomplish cach of the three repairs by these two methiods. The experience
obtained from the demonstration repairs was used to supplement standard shop estimating
procedures.

Ground rules for the cost and fabrication flow time estimates included the following items:

1. Repairs were assumed to be made on the aircraft fuselage. Metal details requiring
surface preparation for bonding would be processed in tanks. Surface preparation on
the structure was to be done by hand anodizing. After anodizing, the surfaces were
sprayed with BR127 primer and the primer bake cured.

2. Preparation of bond surfaces using bolt/spring pressure was iqentical to that used for
the conventional vacuum pressure bonded repairs. Adhesive tape was placed at the
interfaces. The details were fixed in place and the assembly drilled and bolted. After
cure, the bolts were removed and replaced by rivets.

3. Flow times estimates are based on the repair being accomplished by one person. Two
people were assumed only when required to accomplish a particular operation:
¢.g., installing the bolts and springs and riveting.

4. The cleaning and priming of the metal details was considered to be accomplished con-
current with similar work on the basic panel.

5. The time required for fabrication of the sheet metal details was included. The time
required to fabricate circumferential tees, machined parts, ete. was not included. It
was assumed that these latter items would be purchased.

6. The repairs were considered to be one time operations. Both recurring and non-
recurring cost items were included in estimates.

7. The cost of material was not included.

The comparative man-hours cost and the flow times required to complete repairs by the two
methods are shown in Figures 92 through 95, For the particular repair situations studiced,
the all bonded procedure was estimated to be both less expensive and quicker to accomplish
The reason for this can be seen by reviewing the time required for the individual processing
steps listed in the flow charts. Essentially, the time required to lay out and drill the fastener
holes, disassemble, deburr, reassemble, ete. was considerably longer than that required for
the vacuum bagging procedure.
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Vacuum bonded
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Bonded using bolt/spring pressure
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Figure 92.— Comparative Man-hours Required for Repairs using Bolts/Springs for Pressure Application

Versus Use of a Vacuum Bag
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6.0 DEFINITION OF FACILITY AND EQUIPMENT REQUIREMENTS

The purpose of this section is to define the facilities and equipment that will be required at
the AFLC Air Logistics Centers or at the operational bases to effectively accomplish repirs
on a4 PABST-type bonded aircraft fuselage. This information is supplemental to similar
information appearing in the last three chapters of the recently published standardized repair
handbook for adhesively bonded structure (Ref. 9). The difference is that emphasis in the
handbook is on the repair of honeycomb sandwich or simple laminate structure and it is
generally assumed that the components can be removed from the aircraft. Consequently,
they cnn be placed in a bonding tool for applying heat and pressure or cured using heating
blanki.:ts or ovens and envelope vacuum bagging. By contrast, it is expected that repairs to o
PABST-type fuselage will preferably be made without removing the damaged sections from
the aircraft. This is because the tasks of removing and replacing the large bonded panels will
in themselves be major efforts. In addition to the normal tasks, it will also probably be
necessary to provide support for the fuselage until the panel is replaced.

It is expected that producing primary quality structural repairs under on-the-aireraft condi-
tions will require many special considerations. In general, the repairs will be made in a hanger
area and not in an area with a controlled environment. Care will need to be taken to minimize
contamination of the cleaned surfaces prior to bonding.

Access to the damage may be difficult. It can be expected that damage will prefer to occur
in the proximity of control cables, hydraulic lines and electrical wiring. These. as well as the
complexity of the internal structure with its frames, stringers and clips, will make it difficult
to locate and seal a vacuum bag or to position heating equipment.

A summary of the facilities and equipment that will be needed to accomplish these repairs
is given in the following paragraphs.

1. Damage Removal- The equipment required will be the same as that used for current
bonded repairs. This includes hand-held routers, saws, etc. This equipment is described
in Chapter 8 of Reference 9.

)

Fabrication of Metal Details -This may be accomplished with standard metal working
tools. Skin patches for single contour areas may be formed using standard rolling
equipment. Small compound curved patches can be formed using the roto-peen tool
described in Section 7.6 of the referenced handbook. Stretch form techniques may be
used to fabricate larger compound curved skin pieces.

it is assumed that some of the more difficult to form sections such as the curved frame
members will be purchased and stocked as spares. When required, fabrication of these
members will be much the same as required for conventional riveted fuselage repair.

Some examples of this type of equipment are given in the following paragraphs. A
buffalo form roll machine, especially adapted to form zee frames to fuselage contours,

is shown in Figure 96. The metal strips are first power brake formed to the section
shape, ¢.g., a zee, in a straight configuration. The part is then formed longitudinally
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Figure 96.-A Buffalo Roll Being Used to Form a Frame Section to Proper Raclius

using a set of die rolls that are adjusted to produce a curvature appropriate for the
selected Tuselage diameter.

A sccond method illustrated in Figure 97 uses a Model M-3 Yoder progressive multiple
form roll. This machine has seven roll stages. The part starts as a piece of flat conl
stock and emerges in the desired section shape. e.g., as a zee section. This section then
progresses through curving rolls which produce curvature to the desired radius.

A more preterred frame forming method is illustrated in Figure 98, This is a Sheridun
streteh wrap forming machine. It has a special designed stretch form block with snake-
type fillers. This machine holds all surfaces of the detail in tension. The jaws grip

cach end of the detail while it is extended in a straight line. The arms are then translated
and rotated to curve the section to the stretch form block contour.

Bond Surface Preparation  The importance of utilizing high-quality surface preparation
procedures to obtain acceptable bond durability has been adequately demonstrated by
several programs.  Likewise the superiority of the phosphoric acid anodizing process
has been verified (Ref. 10). It is, therefore, highly preferable that, at the ALC's, surfuce
preparation of aluminum be accomplished in phosphoric acid anodizing tanks. Con-
sideration should also be given to installing small tank systems at selected bases.
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Figure 97.—Use of a Model M-3 Yoder Progressive Multiple Form Roll with a
Special Curve-Forming Attachment

Figure 98.—A Sheridan Model A-15 Stretch-Wrap Forming Machine
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Portable cquipment will be used to hand anodize aluminum surtaces on the aireraft o1
on detached components that cannot be placed in the tanks, The main requirement is i
de power supply A suitable instrument was shown previously in Figure 69, This s a
Regal Line Model R2SIR. unfiltered. R series bench maodel, The capacity of this par-
ticular unit is O to 15 volts and O 1o 25 amps. The input power is 120 volts ac.

Cure of the Adhesive Pressure for the cure may be supplicd using standard vacuum
bagging materials and a vacuum source. Heating for the large repairs made in this
program was quite satisfactorily accomplished using the hot air heater shown in

Figure 99, The unit has a 20 KW heater with a 440 volt ac. 30 ampere. 3-phase power
supply. 1t is capable of supplying filtered shop air at 250 CFM and 50071, All
clectrical equipment and connections are contained in sealed explosion proot housings.

‘The heater is operated by constructing a shroud of plastic film around the area to be
heated. An inserted hose from the heater supplies sufficient pressure to maintain the
shroud in an inflated plennum shape. Typically. a baffle is installed at the hose entrance
to prevent occurrence of a local hot spot. The cure temperature is regulated by thermo-
couples on the part transmitting temperatures to the heater controller.

Figure 99.—A Portable Compressed Hot Air Heater Used for Bond Curing
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Nondestructive Inspection The use of an instrument such as the Fokker Bond Tester
or the NDT-210 Bond Tester is considered a minimum level of inspection suitable for

PABST type structure. These instruments are portable and especially adaptable to the

inspection of bonded laminates. Of the two. the Fokker Unit is more widely used.
The ND'TF-210 unit, however. has a wider selection of probe types that can give better
aceess to difficult-to-inspect arcas.
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7.0 CONCLUSIONS

T'he accomplishiment of this program has resulted in the following conclusions:

0.

‘The analysis studies and component tests performed in this program have amply
verified that bonded repairs can be used to restore a damaged PABST-type bonded fuse-
lage to its initial condition of static and fatigue strength and crack growth damage
tolerance.

Two practical methods of applying the curing pressure were shown to be satisfactory
tor the repair bond. These were the use of vacuum pressure and the use of g combing-
tion bolt/spring pressurizing procedure. Of these two. the vacuum method was con-
cluded to be less costly and to require less time 1o accomplish.

For the repair design to be satistfactory., it was necessary that the repair splices be
adhiesively bonded and that the load transfer in splices be uccomplished entirely by

the adhesive, ie., any mechanical fasteners present were considered nonload transferring.
The fatigue analysis indicated that a repair design using mechanical fasteners tor load
transfer did not meet the fatigue requirements of the baseline structure.

Fither of the elevated temperature curing adhesives evaluated in this program, i.e..
FM73 or EA9628, could be used to accomplish satistactory repairs for the PABST
fuselage. The room temperature curing adhesive that was evaluated was not satisfactory.
It was concluded from this and past work (Ref. 7) that this unacceptability applies to
ambient temperature curing adhesives in general.

It can be expected that the adhesive cured using vacuum pressure will have slightly
lower strength and stressed environmental durability than the same adhesive cured in
an autoclave, i.e., under production conditions. This presents no problem in designing
a repair having the same strength and durability as the baseline structure. Stresses in
the bondline can readily be adjusted by varying the lap length of splices, widening the
base of bonded stiffeners, increasing taper ratios, etc.

In general, it has been proven that the phosphoric acid non-tank anodize procedure
provides a superior, repair compatible. surface preparation method for bonding alumi-
num (Refs. 7 and 11). The use of this procedure for accomplishing rather large complex
repairs was demonstrated in this program.

Concern still remains over some difficulties that were encountered in anodizing the large
panel surfaces. This is relative to the adhesive failures, i.e.. rather than cohesive, that
occurred in six wedge specimens used for post repair evaluations.

Although the marginal or unsatisfuctory areas represented by these specimens were only
a small percentage of the total area anodized. the fact that they occurred must be given
serious consideration. They serve to emphasize the need for special attention to all
procedural details during the anodizing process. [tems that are especially essential are:

1no
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Maintenance of intimate contact of the metal surface and the anodizing maicerials.

This is especially critical when working in the overhead position.

I-xpeditious removal of the anodizing materials when the process is complete and
immediate thorough rinsing to remove all acid from the anodized surface.

Maintenance of an adequate current-density level, i.c., amps/sq ft, during the
anodizing process.
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